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The hydrodynamic forces imparted on a tidal turbine rotor, whilst causing it to rotate and hence generate
power, will also cause the blades to deform. This deformation will affect the turbine's performance if not
included in the early design phase and could lead to a decrease in power output and a reduction in
operational life. Conversely, designing blades to allow them to deform slightly may reduce localised
stress and therefore prolong the life of the blades and allow the blades to deform in to their optimum
operational state. The aim of this paper is to better understand the kinetic energy extraction by varying
the material modulus of a turbine blade. Shaft torque/power, blade tip displacement, and axial thrust
results are presented for 2, 3 and 4 bladed rotor conﬁgurations at peak power extraction. For the rotor
design studied the FSI model data show that there is a low sensitivity to blade deformation for the 2, 3
and 4 bladed rotors. However, the results reveal that the 3 bladed rotor displayed maximum hydrody-
namic performance as a rigid structure which then decreased as the blade deformed. The 2 and 4 bladed
rotor conﬁgurations elucidated a slight increase in hydrodynamic performance with deﬂection.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
The EU has targeted renewable Energy to provide 20% of the
total energy mix by 2020 [1] in comparison the UK target is 15% of
the UK energy demands from renewable sources by 2020 [2]. From
statistics published by the Department of Energy and Climate
Change (DECC) since 2008, wind energy has been the largest
contributing renewable source to the energy mix. In 2012 a total of
8.8% of the UKs electricity demand came from renewable resources,
more than half (5.48%) of which came from the wind sector [3]. The
annual growth of the wind energy sector is signiﬁcant, yet remains
dependent on unpredictable wind conditions and hence a steady
base load. In order to meet and sustain the targets set by 2020 and
beyond, the UK and EU at large must continue to address the
imbalance in the renewable energy mix.
To add to this renewable mix the potential for sustainableCardiff University, Queen's
Morris), daphne.odoherty@
.ac.uk (T. O'Doherty), mason-
n-Jones).
r Ltd. This is an open access articleproduction through wave and tidal energy conversion has resulted
in large investment from industry and governments. For example,
the Carbon Trusts Marine Energy Accelerator program has identi-
ﬁed a practical and economical resource of tidal current and wave
energy resource of 70 TWh/yr around the UK coast, which would
contribute to 20% of UK's total industrial, commerce and domestic
electricity demands based on 2012 usage [4].
The long term predictability of tides is the main advantage of
tidal power over wind and solar, since it allows any phase change in
power productions between wind and or other tidal stream and
wave sites to be balanced. The two leading techniques in energy
conversion for tidal range power generation are impoundment
schemes such as a barrage or tidal lagoon. These techniques yield
reward for large scale solutions, as documented in the La Rance
Tidal Power Plant run by EDF Energy which produces 0.54 TWh/
year. In the short term damage to the local ecosystem occurred
however this was mainly during the construction stages [5]. Large
capital investments and resulting ecological damage and aesthetic
disturbance creates acceptance of such schemes difﬁcult, although
the tidal lagoon based in Swansea Bay, South Wales, UK has sub-
mitted an application for development which is still awaiting
consent [6]. An alternative to tidal range power generation is viaunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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mised for their location, tomaximise kinetic energy extraction from
free ﬂowing water. Being submerged a TST is by its nature signiﬁ-
cantly less intrusive than impoundment schemes and minimises
impacts on themarine and costal environment. In spite of some TST
designs involving support structures that penetrate the water's
surface this technique is still considerably less aesthetically intru-
sive than other large scale renewable energy technologies.
The introduction of TSTs into the UK energy mix can only be a
positive step since the UK has some of the strongest currents in the
world. Areas around Orkney Islands, Pentland Firth, Anglesey and
Pembrokeshire, have been studied as viable sites for installing tidal
energy devices [7]. Ideal conditions for tidal stream turbines are; a
free stream velocity of 2e3 m/s and a depth of 20e30 m, at least for
early stage implementation with deeper water designs (>40 m)
introduced as the industry matures. Tidal Energy Limited is
currently developing their DeltaStream device for 12 month test in
the Ramsey Sound, Pembrokeshire. Marine Current Turbines (MCT)
developed and installed the ﬁrst commercially operating tidal
stream turbine. The SeaGen S is a 1.2 MW capacity gull-wing hor-
izontal axis TST installed in Strangford Lough, Northern Ireland
since 2008. The 16 m diameter twin rotors positioned at either end
of the supporting gull wing are pitch controlled. From environ-
mental monitoring reports actively pitch controlling the blades
limits the maximum rotational speed of the rotors to 14RPM [8].
The hydrodynamic forces required to produce suchmotionwill also
cause considerable loading on the blades which will result in blade
deformation. The magnitude of the deformation will be dependent
on the external and internal structure of the blades and the ma-
terials used.
2. Performance of 2, 3 and 4 bladed rotor
The aim of this workwas to investigate, by themeans of coupled
2 way FSI modelling, the extent of blade deformation and the
associated changes in hydrodynamic performance characteristics.
Note is made of the kinetic energy extraction sensitivity by varying
the material modulus and hence the stiffness of the rotor structure.
Although not discussed in this paper the axial loading and shaft
torque data generated will be used as part of the development of a
conditioned based monitoring system [9]. The data generated in
this study and a further 2-way transient model will be subse-
quently validated using a lab scale rotor.
Generally when using Computational Fluid Dynamics (CFD) the
hydrodynamics of a turbine blade are studied while in its unde-
formed state and therefore is considered as being rigid. While this
approach might serve well at the prototype phase, it is unlikely to
suit the operation of a large scale device. Blade deﬂection will
depend on the internal structure, the materials used and the proﬁle
shape, for example long slender blades. Using a 3D coupled
boundary element method and ﬁnite element method Yin [10]
showed that when scaled to 20 m a rotor with long slender
blades led to excessive blade bending and high localised stresses
when run outside its optimal operational conditions. Therefore,
when scaling a device to economically viable dimensions, numer-
ical modelling can play an important role in informing engineers on
the magnitudes of deﬂections and potential for stress raisers. .
There are however a number of issues facing the development of
turbine blades via numerical simulation, such as the number of
development iterations and the time it takes to run the numerical
simulations when using fully coupled 2 way FSI simulations. Nu-
merical run-time, to some extent, is a product of processing speed
and the accuracy required to capture the physics of the real system,
the latter being dependent on the numerical approach.
There are a number of theories that can be used to model thehydrodynamic performance of TSTs with a good degree of accu-
racy. The most prominent of these is the Blade Element Mo-
mentum Theory (BEMT) which is a combination of the momentum
and blade element theories, [11]. Resulting from their work on
experimental veriﬁcation of numerical predictions using a 0.8 m
diameter rotor, Bahaj [12] and Batten [13] demonstrated that po-
wer and thrust measurements showed good correlation with
those obtained using the BEMT. Barltrop [14] also used the BEMT
to investigate the effects of waves on marine current turbines and
their inﬂuence on blade root bending moments. Other approaches
include the Vortex method which has the ability to include 3D
ﬂows. Malki et al. [15] have developed a coupled BEMeCFD model
which is based on momentum source terms from a BEM model
being fed into a RANS model. The authors state that where the
incoming ﬂow is non-uniform, as is likely in most practical cases,
this method can give more realistic predictions than the classical
BEM method.
Batten et al. [16] have also used this method and state that it is
suitable for assessing the interactions of wakes in an array but not
for obtaining predictions for the loading on each individual blade
since the time-averaged nature of the actuator disk still applies. In
combination with the Finite Element Method (FEM) an FSI study
can be used to predict the deformation of the blade and its
resulting inﬂuence on the hydrodynamics of the blade. The main
advantage of the above methods is that they are computationally
inexpensive with good accuracy. However, as the near ﬁeld ﬂow
regime is inﬂuenced by say the wake of an upstream turbine, local
bathymetry and support structure, such as a stanchion, a more
reﬁned solution is required. As the complexity of the ﬂow in-
creases CFD methods are better suited to capture the near ﬁeld
hydrodynamics of the system. Challenging ﬂows such as these are
further complicated by the directionality of the tide and its in-
ﬂuence on Fluid Structure Interaction (FSI). Previous FSI studies of
marine turbines include Nicholls-Lee [17] where a loosely coupled
approach was applied to the FSI modelling via a surface panel
code for the CFD and ANSYS 12.1 for the Finte Element Analsys
(FEA). Matlab was used as the FS interface to enable the transfer of
force and displacement data between the CFD and FEA codes. This
work gives a valid insight to the effects of ﬂuid structure inter-
action and its consequences on cavitation, power attenuation and
stresses on the structure. While it is stated by Ref. [17] that the
panel method performs well for undeviating ﬂows it was also
highlighted that at a more advanced development stage, such as
where it becomes necessary to include intricacy in the hydrody-
namic ﬂow ﬁeld, the Reynolds Averaged NaviereStokes (RANS),
Detached Eddy Simulation (DES) and Large Eddy Simulation (LES)
solvers will be required for the CFD to accurately capture the
hydrodynamics. Moreover, with an increased knowledge of a
hydrodynamic ﬂow ﬁeld under extreme conditions such as: an
upstream velocity proﬁle and ﬂuid structural interaction it be-
comes necessary to consider the possibility of a strong coupling
effect between the ﬂuid and a support structure. A fully coupled
2-way FSI study using a symmetry boundary and single blade was
undertaken by Park et al. [18] using ANSYS CFX 13.0 and ANSYS
Transient Structural. It was suggested by Ref. [18] that although
the deﬂection of the blade was relatively small, it was still
necessary to consider blade deformation due to a 1.7% drop in
maximum power extraction and therefore its implication on long
term rotor performance. Moreover, the latter research indicated
that a possible over estimate of the maximum negative pressure
on the suction side of the blade has the potential to lead to a
corresponding over prediction for the initiation of cavitation. This
study includes rotors with three different blade conﬁgurations to
study the effect of the number of blades on deﬂection and hence
power attenuation.
Fig. 2. Structural mesh for FSI model.
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To establish the performance characteristics of a TST, while
allowing for blade deformation, a series of coupled 2-way FSI
models were constructed with a plug ﬂow inlet boundary condi-
tion. Kinetic energy extraction and its sensitivity to structural
stiffness attenuation was investigated by incrementally reducing
material modulus and noting its effect on the rotor's performance.
This procedure was repeated for a 2, 3 and 4 blade rotor [19].
The turbines modelled utilised a Wortmann FX 63-137 proﬁle,
with a 33 twist from the blade root to tip. The blade tip pitch angle
was set to 3, 6 and 9 with tip speed ratios (l) of 4.4, 3.6, and 3.4
for the 2, 3 and 4 bladed rotors respectively. The l represent peak
power extraction of the rotor blades in an undeformed state [20].
The CFD models used to calculate the optimum pitch angle and l
were validated using a recirculating water ﬂume, located at the
University of Liverpool [21], and [22]. The FSI models however were
not validated, but since this study does not consider the stress and
strain of the blades and we are only intersted in how deﬂection
effects the power attenuation, the mechanical analysis was only
used as a tool to drive deﬂection and study its effect on the hy-
drodynamic performance.
3.1. Computational ﬂuid dynamics model
Ansys Fluent was used to model the ﬂow ﬁeld around the tur-
bine, Ansys Fluent uses the cell centred ﬁnite volume method with
an implicit solver [24]. To ensure the turbine was isolated from any
boundary effects associated with the water surface and side walls, a
CFD domain entitled ‘channel’ was deﬁned as having a square
cross-section of 50 m by 50 m (5D  5D turbine diameters) and a
downstream length of 40D [23]. The effect of the water surface was
not included due to computational restrictions associated with the
additional cells that would be required. The cells within the
channel were modelled in a non-accelerating coordinate system
separated by a non-conformal interface between its self and the
turbine volume. To simulate rotor rotation a Moving Reference
Frame (MRF) was used where a rotating component is added to the
ﬂuid about the rotational axis of the turbine. Fig. 1 shows the CFD
mesh within the region of the MRF [A] and rectangular channel
mesh surrounding the MRF [B]. The cell density was equivilant to
[21] which was shown to be grid independent. The turbine volume
was centred within the channel domain cross-section, and located
10D downstream from the inlet boundary. To represent the seabed
mounting height the rotational axis of the turbine was located 15m
above the seabed boundary wall. No local bathymetry features orFig. 1. Rotor mesh density withinobstructions where applied to the seabed throughout the channel
domain. Zero shear was applied to the side walls and surface
boundaries and no-slip to the seabed boundary wall.
To limit poor numerical diffusion near the MRF non-conformal
interface [D] and the tips of each blade without adversely
affecting the numerical expense, a clearance of ~40% of blade length
was used based on results obtained from a mesh independency
study [21]. The scheme used to mesh the turbine utilised face sizing
with a large density of cells at the blade tips [C], and a reducing cell
density toward the hub, as also shown in Fig. 1. It should be noted
that in practise under steady state conditions there is no relative
motion between the nodes attached to the non-conformal in-
terfaces. The CFD models were developed in this manner to allow
for future transient modelling. As an addition the procedure also
allows future transient simulations to be run using the same
models. The k-u Shear Stress Transport 2 equation turbulence
model was used to close the RANS equations. The dynamicmeshing
option was enabled within Fluent to allow mesh deformation
resulting from blade deﬂection in the structural model. The upda-
ted ﬂuidmeshwas controlled using both smoothing and remeshing
to help prevent negative cell volumes during system coupling.
Depending onmodel convergence either the Spring or the Diffusion
smoothing method was used. With the spring smoothing method
the displacement of each node is opposed by a force which is
proportional to the distance. The damping of the springs is
controlled by the spring constant factor which is between 0 and 1
with 0 being no damping. This was set to 1. Diffusion smoothing
offers more control over which areas of the mesh are allowed to
deform. Areas with low diffusivity are allowed to deform more. A
diffusion parameter is speciﬁed which determines the diffusivity of
a cell based on either its distance from the moving boundary or itsMRF and along blade surface.
Table 1
Mapping summary.
Data transfer
Diagnostic Source side (%) Target side (%)
Data transfer 1
Percent nodes mapped 95 99
Percent area mapped 93 95
Data transfer 2
Percent nodes mapped 95 99
Percent area mapped 93 95
C.E. Morris et al. / Renewable Energy 88 (2016) 30e39 33volume. This means that a higher mesh quality can be preserved
near the moving boundary or in areas of high cell density and
therefore generally results in a better mesh than when the spring
smoothing method is used, but at a higher computational cost [24].
Where the Diffusion method was used the boundary-distance op-
tion was selected for the diffusion function with a diffusion
parameter of 1.5. Where remeshing was applied default parameters
were selected with the minimum and maximum length scales
taken from the mesh scale information panel.Data transfer 3
Percent nodes mapped 95 99
Percent area mapped 93 95
Data transfer 4
Percent nodes mapped N/A 99
Data transfer 5
Percent nodes mapped N/A 99
Data transfer 6
Percent nodes mapped N/A 993.2. Structural FEA model
The rotor structure was modelled using ANSYS Mechanical
within WorkBench 14.5. In order to determine the deformation of
the turbine the CFD model was coupled to the static-structural
model using system coupling. The hydrodynamic forces calcu-
lated in the CFD model were transferred via system coupling to the
element surfaces in the structural model. The turbine blades were
meshed with a uniform element density for the structural model
using 3D solid felements where each of the turbine blades was
assigned a FluideSolid interface number. Centrifugal forces were
introduced to the structural analysis via an angular velocity about
the rotational axis of the rotor. To include centrifugal forces the
angular velocity was set to match that of theMRF in the CFDmodel.
The incremental time step was set to give the same number of
solver iterations per coupling step as the ﬂuid model. The rear
surface of the hub was used as the support for the structure, pre-
venting translational and rotational movement of the rear hub
surface in the primary axis via a remote displacement constraint.
Fixed time stepping was used and the large deﬂection option was
selected which utilises the NewtoneRaphson method. To enable a
2-way coupling analysis the ‘System Coupling’ procedure was used
within ANSYS, where the mechanical model was ﬁrst in theFig. 3. Constraints and lcoupling sequence [24]. This process solves the CFD model and
provides the hydrodynamic forces exerted on the blades via the
ﬂuidesolid interfaces. Following convergence of the CFD model the
structural model is started within the system coupling and the
hydrodynamic forces are transferred to the structural model which
in turn iterates the solution to convergence. Given the speciﬁed
material properties this allows the displacement of the blades to be
calculated. The displacement results are then fed back to the CFD
model so that the ﬂuid mesh is deformed to match. This process is
then re-iterated via the system coupling. To model any change in
performance as a result of increasing blade deﬂection, the material
modulus was reduced. Since this paper is primarily concerned with
changes in hydrodynamic performance with blade deﬂection and
not with the structural integrity of the blades no stress or strain
data will be discussed but will be the topic of further work. As aoads on FEA model.
Fig. 4. Variation in shaft torque with reducing blade modulus { (a) 2-blade, (b) 3-blade,
(c) 4-blade }.
C.E. Morris et al. / Renewable Energy 88 (2016) 30e3934point to note, the upstream inlet velocity in all the CFD models was
a plug ﬂow set to 3.086 m/s. A near wall velocity proﬁle was
allowed to develop at the ‘seabed’ using no-slip boundary
condition.
The mesh for the FEA models was controlled by the use of face
sizing. Since the mapping was dependent on having cells of a
similar size on the coupled faces, the mesh on the surface of each
blade was assigned a face size of 0.09 m, Fig. 2.
3.3. Materials
Although it is unlikely that the blades of full size turbines will be
constructed with a solid internal structure, it was not necessary to
develop a detailed blade structure as the study was only aimed at
the hydrodynamic effects as the blade deforms with decreasing
material stiffness. Hence, for simplicity the blades were modelled
as solid bodies in the FEA model. This approach also helped reduce
computational expense in the fully coupled scheme. It is also rec-
ognised that in reality the mass of the blades used in this study
would be prohibitive both in terms of cost and weight. However,
the main area of interest was the predicted effect of blade deﬂec-
tion on the hydrodynamic performance characteristics of the tur-
bine and as such these limitations were deemed acceptable, at least
at this stage of the study. The range of modulii used for the study
was between 10 GPa and 200 GPa which are typical values of glass
ﬁlled composites and steel, respectively.
3.4. Constraints and loads
Each of the 2,3 and 4 bladed rotor models were constrained by
applying a remote displacement to the rear face of the hub as
illustrated by the 2 bladed rotor in Fig. 3(A). The constraint was set
with a displacement of 0 m in the x, y and z directions and a
rotation of 0 rads about the x, y and z global axes. A rotational
velocity matching that of the MRF in the CFD model was applied to
the whole body of the turbine so that centrifugal force could be
applied to the rotor structure, (B). The hydrodynamic loading and
returned displacement on each blade is controlled via system
coupling via ﬂuid solid interfaces (C).
3.5. Analysis settings
The coupling sequence was set up such that the FEA model was
solved ﬁrst, followed by the CFD model. Table 1 gives an example
mapping summary for the data transfers between the structural
and ﬂuid interfaces. It can be seen that a minimum of 93% mapping
was achieved which, given the hardware constraints, was consid-
ered to be reasonable.
4. Discussion
As a ﬁrst order approximation to the effects of blade deﬂection
on kinetic energy extraction the 2-way FSI coupling procedure, as
discussed, was used to predict shaft torque, axial thrust, maximum
blade tip deﬂection and shaft power [19]. A baseline model was run
with an upstream ﬂow velocity of 3.086 m/s and rigid blades. The
power was calculated by summing the local torques over the rotor
blade surfaces and multiplying by the rotational velocity applied to
the MRF. The power was then non-dimensionalised by dividing the
extracted power by the total available power to give the power
coefﬁcient. Figures of power, torque and thrust coefﬁcient against l
are given in Ref. [19]. Following the convergence of the power co-
efﬁcient in the system coupling iterations for the ﬂexible blade
models, the baseline case of a rigid blade was used to normalise the
power and thrust coefﬁcients. Using 12 2.66 GHz processors, aruntime of approximately 340 h was required for each data point
presented in the torque, power and deﬂection curves. Due to
problems with inverted cells associated with dynamic meshing the
lowest modulus reached in each of the models is not the same.
These problems will be investigated in further studies however the
following results do give a valuable insight to the effects of blade
C.E. Morris et al. / Renewable Energy 88 (2016) 30e39 35deﬂection of kinetic energy extraction and thrust forces.
4.1. Variation in torque with reduction in blade material modulus
for 2, 3 and 4 bladed rotors
It is evident from Fig. 4 that the resulting shaft torque is
dependent on the number of turbine blades as each of the cases
show a different performance with material modulus attenuation.
As expected across the three cases there is a general increase of
shaft torque with an increase in the number of blades. Although
over a small range, it can be seen for the 2 blade rotor case (a) that
the shaft torque increases as the modulus of the material is
reduced: with a maximum shaft torque generated at a modulus of
20 GPa. This suggests that for the 2 blade rotor, the blade pitch
angle is not fully optimised. Although not shown in Fig. 4 (a) it is
reasonable to assume that the shaft torque will not continue to
increase as the material modulus is further reduced below 20 GPa.
Also that there must be a zero gradient and ﬁnally a reduction in
the power output as the blade begins to deﬂect outside its oper-
ational range. The trend for the 3 bladed rotor (b) shows that the
shaft torque increases with increasing material modulus. The shaft
torque gradient starts to decrease at approximately 65 GPa and
then tends toward zero as the material is further stiffened. The
trend shown in Fig. 4 (b) suggests that the 3 blade rotor is opti-
mised with maximum shaft torque being generated with mini-
mum blade deﬂection. From this it would be sensible to adjust the
blades with a predeﬁned positive blade deﬂection, such that while
operating, the blade deﬂects to its optimum hydrodynamicFig. 5. Variation in total thrust force on turbine with matedisplacement. The 4 blade rotor has a similar trend to the 2 blade
rotor, in that the generated shaft torque increases with a reduction
in the material modulus, which produces a maximum torque of
257 kNm at a modulus of approximately 20 GPa. Following a peak
of 257 kNm the shaft torque drops off to approximately
256.5 kNm: although the 0.5 kNm torque reduction is small, it
indicates that a sudden small change in displacement has the
potential to effect torque. As outlined in Ref. [18]: taken as a one-
off, small changes in shaft torque (here less an 0.5%) could be
considered as negligible, however over the life cycle of individual
components small torque or power oscillations have the potential
to induce structural failure and or long term efﬁciency losses. If it
is presumed that the blade were to continue to deform, and given
the rate of torque decay, the potential for fatigue loading also
increases.
4.2. Variation in axial thrust with reduction in blade material
modulus for 2, 3 and 4 blade rotors
From Fig. 5 it is apparent that the axial thrust data follows a
similar trend to that of the shaft torque as the material stiffness is
increased for the 2, 3 and 4 blade rotor conﬁgurations. The 2
blade data shows that the axial thrust force increases with shaft
torque and decreasing blade stiffness. Below a modulus of 20 GPa
it is hypothesised that the thrust force for the 2 bladed rotor (a)
would continue to increase but at a lower rate, provided l is
maintained. For the 3 blade conﬁguration (b) the axial thrust
force increases as the material stiffness increases, however therial modulus { (a) 2-blade, (b) 3-blade, (c) 4-blade }.
C.E. Morris et al. / Renewable Energy 88 (2016) 30e3936rate of increase decreases as the material starts to tend towards a
relatively rigid structure. Fig. 5 (c) shows that, as with the 2 blade
turbine, the axial thrust load on the 4 blade turbine increases
with decreasing modulus, although at the lowest value of
modulus (10 GPa) the rate at which the thrust force increases
starts to reduce.Fig. 6. Variation in blade tip deﬂection with material modulus { (a) 2-blade, (b) 3-
blade, (c) 4-blade }.4.3. Variation in maximum blade tip deﬂection with reduction in
blade material modulus for 2, 3 and 4 blade rotors
Fig. 6 (a), (b) and (c) gives themaximumblade tip deﬂection for 2,
3 and 4 blade rotor conﬁgurationswith decreasingmaterial stiffness.
As expected the deﬂection of the blades all follow a similar trend as
the material stiffness is reduced. Clearly, as expected, the blade
deﬂection increases with decreasing modulus. The deﬂection is
shown to follow a power law, where the deﬂection changes by a
factor which is the inverse of that by which the modulus is changed.
For example, for the 2 blade rotor the deﬂection at 200GPa is 0.035m
and this has increased to 0.35 m at a modulus of 20 GPa. It should be
noted that the maximum deﬂection in each of the models was also
limited by problems associated with dynamic remeshing during the
FSI coupling. However the deﬂection results cover enough of their
individual ranges to allow a reasonable estimation of the ﬁrst order
effects results from blade deﬂection. All the 2, 3 and 4 bladed rotor
models cover the range between 200 GPa and 40 GPa and it is clear
within this range that the 2 bladed rotor Fig. 6 (a) has the greatest
degree of maximum blade tip deﬂection at 0.17 m. The maximum
blade tip deﬂection for the 3 and 4 bladed rotors, Figures (b) and (c)
are approximately 0.12 m and 0.11 m, respectively. For the 2 and 4
bladed rotors (a) and (c) it can be seen that the rate of maximum
blade tip deﬂection starts to increase below amodulus of 40 GPa and
it is expected that the 3 bladed rotor (b) will follow a similar trend to
that of the 2 and 4 bladed rotors. Although not covered in detail for
this paper is was shown byMorris [19] that the total axial thrust load
is of the same order of magnitude for each rotor conﬁguration the
thrust per blade will be highest for the 2 blade and lowest for the 4
blade rotors. This explains why deﬂection increases with decreasing
number of blades as shown in the trends of displacement vsmodulus
E, Fig. 7. Again it is important to note that these changes in
displacement have more of an impact on cyclic loading and fatigue
than a steady state displacement, as discussed in this paper.
4.4. Variation in power extraction with reduction in blade material
modulus for 2, 3 and 4 blade rotors
Fig. 8 (a), (b) and (c) gives the amount of shaft power generatedFig. 7. Deﬂection vs E for the 2, 3 and 4 bladed turbines.
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blade stiffness. As indicated by the torque data (Fig. 4) for the 2
blade rotor Fig. 8 (a) shows that the power generated increases by
7.3 kWwith deﬂection of 0.35m indicating that the blade geometry
is not currently optimised for the 2 bladed rotor in its rigid state.
With the exception of a 500 W increase at 0.022 m the general
trend for the 3 blade rotor (b) is that the generated power decreases
as the maximum blade tip deﬂection increases. A decrease of
around 2.5 kW is indicated with a deﬂection of 0.118 m andFig. 8. Variation in shaft power with maximum blade tip deﬂection { (a) 2-blade, (b) 3-
blade, (c) 4-blade }.therefore demonstrating that the current 3 blade rotor is slightly
sensitive to blade deﬂections above 0.03 m. In its 3 blade conﬁgu-
ration the rotor is likely to be too rigid and would therefore beneﬁt
from a structure that allows for higher blade deﬂection. Fig. 8 (c)
shows that the shaft power of the 4 bladed rotor increases to a
maximum of approximately 539.7 kW from a base state of around
537.8 kW at deﬂections of 0.000 m and 0.182 m, respectively. The
approximate 2 kW increase in the power extracted is then followed
by a 1 kW decrease in the power extracted as the blade tip
deﬂection increases to 0.359 m. It is likely that a similar trend
would be apparent in the 2 blade rotor as for the 4 blade rotor, in
that the shaft power would start to decrease after a deﬂection of
approximately 0.37 m. It is clearfrom Fig. 8 (c) that the optimum
power extraction for the 4 blade rotor does not occur at 0 m
deﬂection, since a peak occurs at 0.2 m deﬂection. However, this is
not necessarily the optimum position for this blade as other de-
formations with different combinations of bending and twisting
have the potential to further increase the extracted power.
To allow for a comparison between the three rotor conﬁgura-
tions Fig. 9 shows the power output against deﬂection normalised
against a rigid blade and therefore zero deﬂection. When compared
to the rigid structure it is clear from Fig. 9 that the 2 blade rotor
shows an increase in power extraction as the blades deﬂect away
from their rigid state. The deﬂection also changes the pitch angle
and so the apparent angle of attack. It should be noted that over the
deﬂection range studied, the 2 blade rotor has not reached peak
power extraction. To a lesser extent this is also shown for the 4
blade rotor, although here a peak power extraction occurs around a
deﬂection of 0.2 m which then decreases toward the rigid blade
normalised result as the deﬂection approaches 0.4 m. Fig. 9 also
suggests that the 3 blade rotor is close to the optimum pitch angle
before deformation.
As the blades deﬂect as a result of the thrust loading, the tip
pitch angle increases. Fig. 10 shows how the power changes with
the increase in pitch angle for the 2, 3 and 4 bladed turbines. The
trends are similar to the curves of power against deﬂection and
suggest that the 3 bladed turbine is close to optimum pitch angle in
its original undeﬂected state, whereas the 4 bladed turbine is
around 0.3 out and the 2 bladed turbine is at least 0.4 out. This
could explain why the power output of the 2 and 4 bladed turbines
increases with blade deﬂection despite the small reduction in
swept area. Along with the change in tip pitch angle, there is also aFig. 9. Normalised power vs deﬂection for the 2, 3 and 4 blade turbines.
Fig. 12. Twist required to maintain a constant angle of attack at l for peak power found
in this study.
Fig. 10. Normalised power vs change in pitch angle for the 2, 3 and 4 bladed turbines.
C.E. Morris et al. / Renewable Energy 88 (2016) 30e3938change in the twist along the length of the blade, reducing the
difference between the angle at the tip of the blade and the base of
the blade. Fig. 11 shows how the power changes as the twist from
base to tip reduces. It is not possible to separate the effect of the
change in pitch angle from the change in twist or to determine how
much inﬂuence each of these variables has on the power. However,
since the power output of the 3 bladed turbine increases slightly
and then decreases with changes of pitch angle and of twist, it is
likely the original position is close to optimum for both variables.
Fig. 12 shows the variation in angle along a blade that would be
required to maintain a constant angle of attack based on the values
of l associated with peak Cp for each turbine, relative to each other.
It is clear that the required twist increases with the number of
blades. Although the effect of the reduction in twist with deﬂection,
seen in Fig. 11, may be small, when combined with the increase in
tip pitch angle, could explain the 1.7% increase in power seen for the
2 bladed turbine. Since the required twist is slightly higher for the 4
bladed turbine than for the 3 bladed turbine, the reduction in twist
with deﬂectionwould be expected to result in a reduction in power.
This could explain why the change in power output of the 4 bladed
turbine is smaller than that of the 2 bladed turbine as the tip pitch
angle moves closer to optimum but the twist moves further from
optimum. The reduction in power seen for the 3 bladed turbine
could be a result of both tip pitch angle and twist moving away
from the optimum position as the blade deﬂects.
To increase conﬁdence that changes in power observed with
blade deﬂection were not due to numerical error, the 2 blade tur-
bine model was run as a rigid CFD model with small variations in
tip pitch angle. The results were then compared with those from
the 2-Way Coupled FSI model, as shown in Fig. 13. The 2 blade rotorFig. 11. Normalised power vs change in twist angle for the 2, 3 and 4 bladed turbines.was chosen because of its lower mesh density and hence lower
computational expense. From Fig. 13 it is clear that, although there
is a difference between the data sets, they show good general
agreement.5. Conclusions
Blade deformation and associated changes in performance
characteristics were investigated using static 2-way Fluid Structure
Interaction (FSI). The aim of the investigation was to better un-
derstand the effect of blade deformation on kinetic energy
extraction by varying the material modulus and hence the stiffness
of the rotor structure. Shaft torque/power, maximum blade tip
displacement, and axial thrust results were presented for 2, 3 and 4
blade rotor conﬁgurations. Blade deﬂection was shown to increase
with a reduction in the number of blades, due the increased thrust
per blade. The power output of the 3 blade turbine was shown to
decrease with deﬂection, whereas for the 2 and 4 bladed turbines it
was found to ﬁrst increase as it was subsequently found that the
pitch settings were not fully optimised. The power output of the 4
bladed turbine was found to initially increase with deﬂection and
then decrease with further deﬂection. It is expected that the power
output of the 2 blade turbine would eventually decrease with
further deﬂection but no decrease was found for the maximum
deﬂection obtain in this work. It was therefore found that blade
deﬂection will alter the power output and that blades could be
designed so as to reach their optimum setting at a given bladeFig. 13. Normalised power for 2 bladed rotor vs change in pitch angle (normalised
against E ¼ 10,000 GPa).
C.E. Morris et al. / Renewable Energy 88 (2016) 30e39 39deﬂection. Overall, and in agreement with [18] the FSI model data
demonstrated that the performance sensitivity to blade deforma-
tion for the 2, 3 and 4 bladed rotor is low, but should not be
neglected. It was also shown that the magnitude of the deﬂection
and hence performance could be signiﬁcantly inﬂuenced by the
relationship between the optimised pitch angle via a rigid and
deformable model. Future studies will include stanchion rotor
interaction and the effects of smaller perturbations when consid-
ering fatigue.
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